Monochromatic and white beam synchrotron x rays were used to study the deviatoric strains and full elastic strains in passivated Al conductor lines with near-bamboo structures during electromigration ͑EM͒ at 190°C. A strong strain gradient formed in the upstream part of the Al lines. Strains along the downstream part of the lines were smaller and more scattered. Numerical analysis using the Eshelby model and finite element method ͑FEM͒ calculations suggest that the moving of atoms during EM in these near-bamboo Al lines is dominated by top and/or bottom interface diffusion, which differs from the reported results for nonbamboo, polycrystalline Al conductor lines, where EM is mainly along the grain boundaries. Local strain measurements and FEM calculations indicate that the EM flux is also nonuniform across the width of the conductor line because of stronger mechanical constraint by the passivation layer near the edges of the line. Plastic deformation is observed during EM by changes in the Laue diffraction patterns. The effective valence ͉Z ‫ء‬ ͉ = 1.8Ϯ 0.4 is determined from the measured strain gradient.
I. INTRODUCTION
Electromigration ͑EM͒ is the movement of atoms caused by flowing electrical current, in which the electrons transfer momentum to atoms. 1 The divergence of mass transport or flux in a metal line can create voids or extrusions that can result in changes in resistance and lead to open or short circuits.
2 EM is one of the major causes of failures of interconnects in integrated circuits. With the scaling down of the dimensions of electronic devices, current densities are increased, and EM becomes more important as a failure mechanism. 3, 4 It is generally assumed that the atom flux J during EM can be expressed as
where n is the atomic density, D eff is the effective diffusion coefficient, k is the Boltzmann constant, T is the absolute temperature, Z ‫ء‬ is the effective valence of the diffusing species, e is the electron charge, j is the current density, is the electrical resistivity of the conductor line, ⍀ is the atomic volume, ‫ץ‬ EM / ‫ץ‬y is EM-induced stress gradient along the length of the conductor line, and b is a stress state-dependent coefficient, with b =2/ 3 if EM is assumed to be an equibiaxial stress and b =1 if EM is the hydrostatic stress ͑tensile stress taken as positive͒. 6 For a conductor line with flux blocking boundaries at both ends and embedded in dielectric material, there exists a critical current density j c , 5 and for currents below j c , the stress gradient developed eventually counterbalances the electron wind force, the net atom flux becomes zero, and a linear stress gradient extends over the full length of the conductor line. The effective valence Z ‫ء‬ can be determined from the steady-state stress gradient ‫ץ͑‬ EM / ‫ץ‬y͒ measured for a current density j below j c . Synchrotron x-ray microdiffraction can provide measurements of strains in crystalline materials with micron and submicron scale spatial resolution. Wang et al. 6 studied EMinduced strain distributions in 200 m long, 10 m wide aluminum conductor lines in 1.5 m SiO 2 passivation layers in real time using synchrotron white beam x-ray microdiffraction with a 10 m spatial resolution. Their results showed that a steady-state linear stress gradient along the length of the line developed during EM and that the stress gradient could be manipulated by controlling the magnitude and the direction of the current flow.
Theoretical and computational models for predicting stresses/strains that build up during EM, combined with experimental measurements of local strains, can provide insight into the underlying diffusional mechanisms and the effects of line geometry and confining materials. Korhonen et al. 7 derived an analytic model of EM, which they applied to a columnar aluminum metallization. In that work, the stress resulting from atoms being deposited in columnar grain boundaries is modeled using the Eshelby theory of inclusions, 8 which treats the interconnect line as an elliptic cylinder embedded in an infinite silicon matrix. Hau-Riege and Thompson 9 performed three-dimensional finite element ͑FE͒ analyses considering the effect of surrounding confinement material and the line aspect ratio on the effective modulus, which is related to the rate of stress buildup and EMinduced damage. They considered three possible diffusion paths: ͑i͒ diffusion through the grain boundaries for a threedimensional grain structure, ͑ii͒ diffusion through the grain boundaries for a columnar grain structure, and ͑iii͒ surface diffusion, along the top and bottom surfaces of the line. They compared their FE results to those obtained using the Eshelby model presented by Korhonen et al., 7 and they found that the Eshelby model, for the cases considered, did not give accurate predictions.
In this paper, we report grain-scale strain and crystal orientation measurements by x-ray microdiffraction. We discuss the experimental results and compare them to numerical results obtained with an Eshelby model and FE calculations, assuming different possible EM diffusion paths. We also study plastic deformation and microstructure evolution of the Al line during EM. Preliminary reports of this work were given in Refs. 10 and 11.
II. DESCRIPTION OF SAMPLES AND EXPERIMENT
The samples studied are 30 m long, 2.6 m wide, and 0.75 m thick Al conductor lines, with Ti vias and Ti rich top and bottom layers. Figure 1͑a͒ shows an optical image of the Al conductor line and Fig. 1͑b͒ shows a scanning electron microscope ͑SEM͒ image of the cross section after focused ion beam ͑FIB͒ sectioning. The interlayer dielectric material is SiO 2 and the passivation layer is also SiO 2 , 0.7 m thick. Schematic cross sections and dimensions of the Al line are shown in Figs. 2͑a͒ and 2͑b͒ before reaction of the Ti and Al layers. The TEM image in Fig. 3 shows that the conductor line consists of micron-size columnar grains of about ϳ0.35 m thickness. On the top and bottom surfaces of the large grain Al line are smaller ͑Ͻ100 nm͒ grain size polycrystalline layers, each about 0.2 m thick, probably mixtures of Al and TiAl 3 .
X-ray microbeam diffraction measurements were made at the Advanced Photon Source on beamline 34-ID in February and August 2007. Two samples with nominally identical structures were studied, one with white beam Laue diffraction in February and the other with monochromatic beam diffraction in August. The experimental setup is shown in Fig. 4 . X rays could be switched between monochromatic mode and white beam mode. The x-ray beam was focused by Kirkpatrick-Baez mirror optics to ϳ1 m for the monochromatic beam experiments and to ϳ0.4 m for the white beam experiments. In the monochromatic mode, the x-ray energy was scanned over 60 eV with steps of 3 eV at each location across and along the Al line. The ͑333͒ diffraction peaks were recorded on the charge-coupled device ͑CCD͒ detector to obtain the ͑333͒ d-spacings for suitably oriented Al grains at each measurement location. 12 Using the lattice parameter 13, 14 for pure Al, a = 0.4065 nm for T = 190°C, the measured d-spacings were converted to perpendicular elastic strains. In the x-ray energy scan at each location, any ͑111͒ grain oriented within Ϯ0.2°of the sample normal would contribute a ͑333͒ diffraction peak. The perpendicular elastic strain at each location is the average of the strains of all of the contributing ͑111͒ grains within the 1 m x-ray beam.
In the white beam mode, the CCD detector collected Laue diffraction at each measurement location from grains with various orientations. Grain-scale determination of the local crystal orientations and local deviatoric elastic strains were obtained by indexing and fitting the Laue patterns. 15, 16 The relationship between the normal deviatoric elastic strains 
III. RESISTANCE CHANGES DURING EM
The samples were heated to 190°C and stressed with 30 mA current, corresponding to a current density of 1.54 ϫ 10 6 A / cm 2 . As indicated in Fig. 5͑a͒ , electrons flow from right to left. Ti fluorescence was used to locate the Al line, and Ti mapping is shown in Fig. 5͑b͒ . The coordinate system used to describe the direction of electron flow, the strain tensor, and the orientation of the specimen has X across the line width, Y along the line length opposite to the direction of electron flow, and Z normal to the line directed toward the substrate, as indicated in Fig. 5͑a͒ .
The resistances of the Al lines were monitored by measuring the voltage across the two ends of the conductor line, including voltage drops across the Ti vias. At 190°C, the calculated resistance of the Al line is about 0.7 ⍀, using the resistivity of 2.8ϫ 10 −6 ⍀ cm and the thermal coefficient of resistivity 3.9ϫ 10 −3 K −1 at 20°C. 17 The measured values were 4.9 and 5.1 ⍀ for the two samples used for white and monochromatic beam measurements, respectively. Most of the observed resistance is believed to be contact resistance between the Al lines and the Ti vias and the Ti vias themselves. No resistance increases were seen during EM for either sample, indicating that no significant voids formed during EM.
For the sample used in the white beam measurements, the resistance as shown in Fig. 6͑a͒ decreased gradually from 4.9 to 4.3 ⍀ during 37 h of EM. Superimposed on this gradual decrease were periodic, more rapid decreases in resistance, which occurred when the x-ray beam scanned over the area of the upstream Al/Ti via contacts. The period is the same as one cycle of x-ray scanning of the Al line, about 3.6 h. The periodic acceleration in the decrease of resistance could be due to the x-ray beam causing local heating and reducing the Al-Ti contact resistance by thermal expansion of these metals. The overall gradual decrease of resistance could be caused by improvement of the Al/Ti contact resistance by addition of Al atoms during EM. However, the resistance of the sample used for monochromatic measurements has neither gradual nor periodic decreases comparable to those of Fig. 6͑a͒ , as shown in Fig. 6͑b͒ . This may be due to four times larger x-ray beam size and for most of the measurement time using a monochromatic x-ray beam, which would cause less local heating. Another possible reason could be sample to sample variation during processing, since the contact resistance is expected to depend on the surface conditions of the Ti vias and Al line. Figure 7 shows the map of deviatoric elastic strain zz ‫ء‬ at 190°C before EM. Strain values could not be obtained for some measurement locations. Missing strain data are due to the Laue patterns not being well fitted because of weak intensities and/or streaked Laue spots. Strain zz ‫ء‬ varies with position on the line, ranging from −1 ϫ 10 −3 to 2 ϫ 10 −3 . In order to study the evolution of strains, averages across the line for yy ‫ء‬ and zz ‫ء‬ are plotted as a function of distance from the anode end of the line in Figs. 8͑a͒-8͑j͒, which show the evolution of deviatoric elastic strains measured by white beam mode along the 30 m long Al line during 25.2 h of EM. Since the raster from one end of the line to the other end takes about 3.6 h, and the measurement sequence is from left to right ͑anode end to cathode end͒, the strain values on the right end were measured 3.6 h later than those on the left end. Before EM at 190°C and during the first 3.6 h of EM, there is no significant strain gradient along the line for either yy ‫ء‬ or zz ‫ء‬ . The deviatoric elastic strain gradient began to form during 7.2-10.8 h of EM, and it saturated after about 14 h of EM.
IV. EVOLUTION OF STRAIN DURING EM
Figures 9͑a͒ and 9͑b͒ show the out-of-plane and in-plane orientation maps of the Al line used in the white beam strain measurements at room temperature before EM. From Fig.  9͑a͒ , the Al line has a strong ͑111͒ preferred orientation, which makes the monochromatic ͑333͒ diffraction measurements possible. The in-plane orientation map in Fig. 9͑b͒ shows that the line has a near-bamboo grain structure, with most grains spanning the width of the line. Figure 10 shows the map of elastic strain zz at 190°C before EM measured by monochromatic mode. Monochromatic strain measurements could not be obtained near the ends of the conductor line, where data points are missing in Fig. 10 . This may be due to higher Ti concentration on both ends of the line, as suggested by Fig. 5͑b͒. Figures  11͑a͒-11͑d͒ show plots of zz averaged across the linewidth as a function of distance to the anode end before and during EM. There is considerably less scatter in the full perpendicular elastic strain results than in the deviatoric elastic strain results. Since the x-ray beam size was about 1 m in the monochromatic mode measurements and about 0.4 m in the white beam mode measurements, the full perpendicular elastic strain measured in the monochromatic mode averages over several near ͑111͒ grains contained within a larger irradiated area at each measurement location, whereas each of the deviatoric strain measurements is for a single grain, or part of a grain, within a smaller irradiated area, in some cases including non-͑111͒ grains.
There is a "dip" in zz near the middle of the line at 190°C before EM, as shown in Fig. 11͑a͒ , which may be also due to the higher Ti concentration near the ends of the line increasing the lattice parameter and increasing the apparent values of zz . This dip is not seen in the white beam mode measurements at 190°C before EM. One possible reason is that the microstructure is different in the two samples. Another possible reason is that the difference in Ti concentration affects the hydrostatic strains but not deviatoric strains. A strain gradient began to form in zz along the upstream part of the line during the first 5.5 h and saturated after 12 h, similar to the results seen for yy ‫ء‬ and zz ‫ء‬ in the other sample.
Wang et al. 6 also found a linear EM-induced perpendicular strain gradient, but with the opposite sign compared with our result and extending along the full length of the conduc- tor line. In their case, the Al line was 10 m wide with polycrystalline columnar grain structure, for which EM was expected to be mainly along the grain boundaries, causing the xx and yy in-plane compressive strains at the downstream end. The measured positive perpendicular tensile strain zz at the downstream end was attributed to the Poisson effect in their case.
V. MODELS RELATING EM-INDUCED STRAINS TO ELASTIC STRAINS
In order to investigate the EM diffusion path in these Al lines, Eshelby and FE models were used to relate the inelastic ͑stress-free͒ strain resulting from EM-induced diffusion to the elastic strain and then compared to the experimental measurements. In the Eshelby model, the Al line is treated as an elliptic cylinder surrounded by an infinite SiO 2 matrix, while in the FE calculations, the true layered structure and dimensions of the Al line are used in the strain calculation, as depicted in Figs. 12͑a͒ and 12͑b͒ , where only half the domain needs to be considered in the FE model because of symmetry.
Both the Eshelby and the FE models treat the aluminum line and surrounding materials as linear elastic and in stress equilibrium. Let ⍀ be the entire problem domain, and then the following equations of elasticity and equilibrium must be satisfied on ⍀:
where ij is the Cauchy stress, ij is the elastic strain, C ijkl is the elasticity tensor, ij T is the total strain, ij EM is the EMinduced inelastic strain ͑only nonzero in the aluminum line͒, u i is the displacement, and comma denotes derivative ͑,j ϵ ‫ץ‬ / ‫ץ‬x j ͒.
Three different EM-induced diffusion paths are considered, as shown schematically in Fig. 13 , similar to the analysis considered in Hau-Riege and Thompson. 9 In mode I, diffusion is throughout the line, so atoms are deposited ͑or depleted͒ equally in all three directions. In mode II, diffusion is through the grain boundaries in a columnar grain structure, so atoms are deposited in the plane of the line. In mode III, diffusion is primarily along the top and bottom interfaces, so atoms are deposited in the thickness direction. The inelastic strains resulting from each of these modes are as follows.
For mode I,
for mode II,
for mode III,
where ⌬ is the local change in volume per unit volume. In the downstream end, ⌬ is positive as atoms are being deposited, and in the upstream end, where atoms are being depleted, ⌬ is negative.
A. Eshelby model
The Eshelby model used here is based on the model derived by Korhonen et al. 18 The relationship between the EM strain and the stress is
where S ijkl M and S ijkl L are the compliance tensors ͑S ijkl = C ijkl −1 ͒ of the SiO 2 matrix and Al line, respectively, T ijkl = ͑K − I͒ ijmn −1 S mnkl M , K ijkl is the Eshelby tensor, and I ijkl is the fourth order identity tensor. Using Eqs. ͑3͒ and ͑8͒, the EM strain can then be related to the elastic strain
The SiO 2 matrix is treated as isotropic with an elastic modulus of E = 73.7 GPa and Poisson's ratio of = 0.17. 19 The Al properties at 190°C for a single crystal are from Ref. 20 and the line is treated as having a strong ͑111͒ texture with the in-plane orientation being random resulting in elastic stiffnesses, with respect to the laboratory coordinates, C 11 = C 22 = 107.1 GPa, C 33 = 108.7 GPa, C 12 = 59.2 GPa, C 13 = C 23 
B. Finite element model
A standard, two-dimensional, FE formulation is used to solve the governing equations ͑3͒-͑7͒. The variational form, neglecting body forces and assuming no traction boundary conditions, is given by
where ij is an admissible variation in the total strain and ⍀ L is the domain of the Al line, where the EM-induced strains are applied. The total strain ij T is expressed in terms of the displacement field in Eq. ͑5͒, which is interpolated with bilinear, quadrilateral elements and similarly for ij . The horizontal displacements on the left boundary and the vertical displacements on the bottom boundary are fixed. Equation ͑10͒ is solved for the displacement field, which is used to construct ij T . The elastic strains in the Al are then computed using Eq. ͑4͒. The same elastic properties for the SiO 2 and Al are used here as were used in the Eshelby model. For the Si substrate, which has a ͑100͒ orientation, the elastic properties at 190°C are C 11 = 158 GPa, C 12 = 58 GPa, and C 44 = 79 GPa. 21 The TiAl 3 layers above and below the Al line are both assumed to be 0.2 m in thickness, and the TiAl 3 is treated as isotropic with elastic modulus E = 170 GPa and Poisson's ratio = 0.25.
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The results are presented in Table I and Fig. 14 . Table I provides a comparison to the Eshelby results, where the elastic strains are averaged in the cross section of the Al line. The results are similar. Figure 14͑a͒ shows the predicted distribution of the zz component of the elastic strain in the Al for the mode III case with ⌬ =3ϫ 10 −3 on the downstream end, where the material is assumed to be deposited in the top and bottom interfaces, and Fig. 14͑b͒ shows the distribution across the width, averaged through the thickness. With the EM strain prescribed uniformly in the cross section, we see that a strong elastic strain gradient across the width of the line is predicted, with tensile strains in the center and compressive strains at the edges. This result is not physically reasonable since the high elastic strain gradients would lead to high stress gradients, which, in turn, would drive diffusion to reduce the stress gradient. Furthermore, such elastic strain gradients across the width are not observed in our measurements.
To obtain a more physically reasonable relationship between the EM-induced strain and the elastic strain, we solve an inverse problem where the elastic strain component zz is prescribed and assumed to be uniform, and we reconstruct an EM-induced strain distribution in the cross section required to generate the uniform elastic strain. Focusing on mode III case, which is the most relevant case here, let the EM and total strains be expressed as 
where Q ij is a matrix that is zeros everywhere except Q zz = 1, and Eq. ͑12͒ represents a partitioning of the total strain. Note that the elastic strain component, which is to be prescribed, is zz = zz T − ⌬ for mode III case. Substituting Eqs. ͑11͒ and ͑12͒ into Eq. ͑10͒ results in the following variational formulation:
in the Al line. This equation combined with a standard elastic formulation in the remaining materials, after substituting in the FE interpolations functions, results in a system of equations for the displacement field. However, Eq. ͑13͒ is ill posed and does not have a unique solution.
In order to obtain a unique solution, we express Eq. ͑13͒ as an energy minimization problem with a first order regularization term to impose smoothness on the displacement field, which reduces fluctuations in the strain fields. The following modified variational formulation results
where ␣ is a regularization parameter. From the displacement field, the total strain can be computed, and then the EM strain is recovered from ⌬ = zz T − zz . For a uniform prescribed elastic strain of zz =−10 −3 , the resulting EM-induced strain distribution is shown in Fig. 15͑a͒ , and the distribution across the width is shown in Fig. 15͑b͒ , where the strains are averaged through the thickness. The result shows that a greater amount of material is deposited toward the center of the line than at the edges. Note that although the solution shows a fairly uniform EM-induced strain through the thickness, the actual material is likely deposited in the top and bottom interfaces. However, the resulting elastic strain field is not affected much by where in the thickness the atoms are deposited ͑e.g., through the thickness versus in the interfaces͒. In fact, this lack of uniqueness is why the inverse problem is ill posed.
Referring again to Table I , which gives the relationships between the EM-induced local volume change ͓see Eq. ͑7͔͒ and the deviatoric and full elastic strains for the Eshelby and FE models, we compare these results to our experimental measurements. Based on the full perpendicular strain, one can predict the deviatoric strains. Using the zz trend line in Fig. 11͑d͒, 
VI. STRAIN RELAXATION
A linear strain gradient formed in the upstream part of the Al line, but no gradient formed in the downstream part of the line, as shown in Figs. 8͑g͒-8͑j͒ and 11͑d͒. This could be the result of strain relaxation in the downstream part of the conductor line, due to the plastic deformation or material leakage, resulting from delamination of the passivation layer. Figures 16͑a͒-16͑c͒ show schematically how a crack could start to form and cause delamination of the passivation layer and strain relaxation in the downstream end of the Al line.
Before EM, the thickness of the line is the same everywhere along the line, as in Fig. 16͑a͒ . With EM, additional Al atoms move into the downstream end of the line, along the top and bottom surfaces, pushing the passivation layer up and causing cracks to form in the bottom surface, as shown in Fig. 16͑b͒ . After the cracks form, further addition of Al atoms on the top and bottom surfaces causes the crack to propagate across and along the Al line, leading to further delamination, as shown in Fig. 16͑c͒ . When the passivation layer delaminates, it provides less confinement of the Al line From Table I and the observed zz , as shown in Fig.  11͑d͒ , the magnitude of zz T‫ء‬ is estimated to be about 5% at the downstream end of the line using the FE calculation result with EM mode III, which corresponds to an increase of about 450 nmϫ 5% = 23 nm in the conductor line thickness at the downstream end. It would be difficult to detect such a small change in thickness along the line using optical imaging, SEM, or atomic force microscope, because the roughness of the sample is also is of this order.
Plastic deformation during EM, another path for strain relaxation, can be detected from the evolution of Laue diffraction patterns. Figure 17 shows the evolution of one spot in the Laue diffraction pattern from the measurement location shown by the black circle in Fig. 9͑a͒ . Before EM and during the first 3.6 h, spots in the Laue patterns are sharp and are not split. After 7.2 h, some of the single Laue spots start to split into two or more spots. After 14.4 h, some single spots are completely divided into two spots and the diffraction intensities drop. The splitting of the Laue spots indicates that plastic deformation occurs during EM, resulting in the formation of new grains with different orientations. Figures  18͑a͒-18͑e͒ show the evolution of in-plane orientation maps of the line. The grain orientations, especially at locations near the ends, change during EM, sometimes by large amounts, indicating that recrystallization, as well as plastic deformation, has occurred. Similar observations have been reported by Valek et al. 23, 24 By plastic deformation and by recrystallization, the elastic strain energy is lowered. The more scattered data of the deviatoric strains in the downstream part of the conductor line may result from local strain relaxation by plastic deformation and by recrystallization. A more comprehensive model, taking into account delaminations and plastic strains, may be required to better understand the strain evolution of the line during EM.
VII. EFFECTIVE VALENCE Z ‫ء‬ FROM STRAIN GRADIENT MEASUREMENTS
Since both the full perpendicular strains and deviatoric strains have been measured, the hydrostatic strain and hydrostatic strain gradient can be calculated using Eq. ͑2͒. Assuming that the EM has reached a steady state in our experiments with j Ͻ j c , and using b = 1 for the hydrostatic case, from Eq. ͑1͒ it follows that
As described in the Appendix, ͉Z ‫ء‬ ͉ is calculated to be 1.8Ϯ 0.4 ͑60% confidence level͒ from our measurements, in good agreement with values of ͉Z ‫ء‬ ͉ for Al conductor from other types of measurements and experimental conditions. Blech et al. 5 reported ͉Z ‫ء‬ ͉ϳ1.2 from their measurements on 50 m wide unpassivated Al lines. Chiras et al. 25 reported ͉Z ‫ء‬ ͉ = 1.3Ϯ 0.2 from measurements of 5 m wide passivated Al lines. Wang et al. 6 reported ͉Z ‫ء‬ ͉ = 1.6 from measurements on 10 m wide SiO 2 passivated Al lines. The value of Z ‫ء‬ indicates the strength of interaction between electrons and atoms during EM. The effect of EM mode, temperature, and microstructure on Z ‫ء‬ has not been systematically studied, either experimentally or theoretically, and are not well understood.
VIII. CONCLUSIONS
Deviatoric and full perpendicular strain measurements were carried out during EM in Al conductor lines with nearbamboo structures. A strong strain gradient developed in the upstream part of the Al lines and no strain gradient developed in the downstream part of the lines. The experimental results and numerical calculations using the Eshelby model and FEM method suggest that that the EM is mainly along the top and bottom interfaces, with less EM flux near the edges of the line than near the center. Evidence of plastic deformation is seen in the evolution of the Laue diffraction patterns. A value of ͉Z ‫ء‬ ͉ = 1.8Ϯ 0.4 is obtained from the measured strain gradient. 18 . ͑Color online͒ In-plane orientation evolution during EM. Legend is shown in Fig. 9͑c͒ . The large grains on both ends break up into smaller grains during EM.
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APPENDIX: CALCULATION OF Z ‫ء‬ FROM STRAIN GRADIENT MEASUREMENTS
From Eq. ͑1͒, the relationship between ͉Z ‫ء‬ ͉ and the steady-state strain gradient for current density j smaller than the critical current density j c is given by
where b is a stress state-dependent coefficient, with b =1 if EM is the hydrostatic stress, ‫ץ‬ EM / ‫ץ‬y is EM-induced stress gradient along the length of the conductor line, ⍀ is the atomic volume, e is the electron charge, j is the current density, and is the electrical resistivity of Al.
The hydrostatic component of the stress is given by
wherer B is the bulk modulus of Al, and the gradient of this stress is Values of K mono and K white were determined as follows.
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͑1͒
The value of c is obtained from the t-distribution table with n − 2 degrees of freedom ͑Table A9, Appendix 5͒, 
